Proteolytic degradation of aggrecan is a hallmark of the pathology of arthritis, yet the identity of the enzyme(s) in cartilage responsible for this degradation is unknown. Previous studies have suggested that the matrix metalloproteinases (MMPs) may be involved but there has been no definitive evidence for their direct action in the proteolysis of aggrecan in human arthritis.
Introduction
Joint damage and cartilage destruction are the common endpoint of human arthritis. The precise mechanisms involved are unknown but are likely to be complex and diverse. Aggrecan is the major proteoglycan in cartilage and the molecule that allows the tissue to bear weight by deforming elastically under compressive load. Proteinase degradation of aggrecan results in its release from the tissue which eventually leads to loss of joint function. The depletion of aggrecan from cartilage matrix in human and experimental arthritis is readily observed histologically by loss of metachromatic staining. The aggrecan fragments released from the tissue can be detected in synovial fluids of patients and experimental animals by immunoassay of specific protein (1) (2) (3) (4) (5) (6) (7) (8) or carbohydrate (7, 9-13) epitopes on aggrecan molecules, by chemical assay of sulfated glycosaminoglycans (8, 13, 14) or by isolation and sequencing of purified fragments (15, 16) .
A large number of studies over more than a decade have shown that agents such as IL-1 ␣ , IL-1 ␤ , TNF-␣ , and retinoic acid promote cartilage resorption in vitro, and IL-1 has also been shown to promote aggrecan loss in vivo (17, 18) . These agents are known to upregulate expression of some matrix metalloproteinase (MMP) 1 genes in chondrocytes, suggesting a link between MMP expression and aggrecan degradation. Specific MMP inhibitors have also been shown to prevent loss of aggrecan from cartilage explant cultures in vitro (19) (20) (21) (22) . Together these studies have suggested that increased aggrecan degradation may be a consequence of upregulated MMP expression. However there has been no evidence for the direct degradative action of MMPs on aggrecan in human arthritis, largely because until recently efficient techniques for identifying proteolytic cleavage at the molecular level have not been available.
The development of neoepitope antibodies that detect newly created NH 2 -or COOH-terminal sequences resulting from specific proteolytic events has overcome this limitation. The first aggrecan neoepitope antibodies were described by Hughes et al. (23) and since then a number of neoepitope antibodies have been produced (24) (25) (26) . One study has recently shown that an aggrecan G1 domain resulting from MMP action can be immunolocalized in cartilage sections from mice with experimentally induced arthritis using a neoepitope antibody (27) .
The human MMPs cleave the aggrecan interglobular domain at . . .DIPEN 341 ↓ FFGVG. . . (28) (29) (30) (31) . Cleavage at this site in vivo would result in release into synovial fluid of fragments with F 342 FGVG. . . NH 2 termini. However, sequencing experiments have shown that the predominant high density aggrecan fragments found in human synovial fluids (15, 16) and in the medium of cartilage explant cultures (32) (33) (34) Patients. 68 synovial fluid samples were obtained from the knee joints of 47 patients attending Rheumatology Clinics who required either diagnostic or therapeutic aspiration. Diagnoses of rheumatoid arthritis (RA), osteoarthritis (OA), and Reiter's disease were based on the criteria recommended by the American Rheumatism Association (35-37). The diagnosis of other arthropathies was based on clinical presentation and serological and radiographic examination.
Collection, enzyme treatment, and analysis of synovial fluids. Complete aspirations of joint fluid were performed under aseptic conditions, without anesthetic, using a 1.2 mm-bore needle. The fluids were collected into sterile tubes, centrifuged within 1 h to remove cells and stored frozen at Ϫ 20 Њ C. Some patients' joints were aspirated on more than one occasion during the sampling period (March 1994 -June 1995 . For the detection of sulfated glycosaminoglycans in synovial fluids, 100-l aliquots were digested overnight at 60 Њ C with 56 g papain in buffer containing 10 mM EDTA, 10 mM cysteine, 0.2 M sodium acetate, pH 5.8, in a total volume of 120 l. After digestion the samples were boiled for 30 min to inactivate the papain. For the detection of AF-28 epitope in synovial fluids, 500-l aliquots were digested overnight with shaking at 37°C with 5 U/ml hyaluronidase in the presence of the following proteinase inhibitors, specific for each class of proteinase: 20 g/ml E64, 1.25 mM AEBSF, 5 mM pepstatin, and 9.6 mM EDTA. After digestion any precipitate was removed by centrifugation and the supernatants were dialyzed against distilled water. The strength of association between the concentration of AF-28 epitope and the concentration of sulfated glycosaminoglycan in the synovial fluids was measured using Spearman's rank correlation coefficient which is invariant to values assumed when data points are below detectable limits (38) .
Competition assay for detecting the FFGVG. . . neoepitope with monoclonal AF-28. The standard and coating antigen used in the assay was a 32-amino acid synthetic peptide with the sequence FFG-VGGEEDITVQTVTWPDMELPLPRNITEGE. This is part of the amino acid sequence present in the human aggrecan interglobular domain (39) , where FFGVG. . . represents the NH 2 terminal sequence generated by the action of matrix metalloproteinases, and . . .ITEGE represents the COOH-terminal sequence generated by the action of the putative aggrecanase enzyme. The peptide synthesis and assay procedure have been described previously (26) . Briefly, microtitre plates were coated overnight at 4 Њ C with 25 pmol/ml 32-mer peptide. The coating solution was removed and the plates were washed six times in a Tris incubation buffer (Tris IB) containing 0.1% (wt/vol) BSA, 0.1% (wt/vol) Nonidet NP-40, 0.15 M NaCl, and 10 mM TrisHCl, pH 7.4, and then blocked for 1 h at 37 Њ C with 1% BSA in Tris IB. After washing, samples or standard (100 l) were added to the wells, followed by 100 l of AF-28 antibody (1:1,000) and incubated for 1 h at 37 Њ C. The plates were washed and incubated with an antimouse antibody conjugated with horseradish peroxidase (1:1,000) for 1 h at 37 Њ C. After washing, the peroxidase substrate ABTS was added and the plates were incubated at room temperature during color development. Progress of the color development was monitored at 405 nm till the optical density in the wells containing antibody with no competitor (maximum binding) reached Ͼ 1.2. The limit of detection for the assay was 7 pmol/ml.
Dye binding assay for detecting sulfated glycosaminoglycans. An aliquot of each synovial fluid sample was digested with papain prior to assay for sulfated glycosaminoglycan by the 1,9-dimethylmethylene blue assay (40) modified to suit a microplate assay (13) .
Fractionation of synovial fluids by cesium chloride density gradient centrifugation. Nine synovial fluid samples were diluted 1:2 with 8 M guanidine hydrochloride (GuHCl) and adjusted to a density of 1.5 g/ml by the addition of solid cesium chloride. The samples were centrifuged at 34,000 rpm for 20 h at 10 Њ C in a Beckman Vti 50 vertical rotor. The resulting gradients were divided into five equal fractions designated D1 at the bottom ( ␦ Ͼ 1.5) and D5 at the top ( ␦ Ͻ 1.4). The density of each fraction was measured prior to extensive dialysis against distilled water and freezedrying.
Fractionation of synovial fluids by Q-Sepharose chromatography. Aggrecan fragments present in synovial fluids were partially purified on Q-Sepharose as described by Ilic et al. (33) . Fluids from two patients, one with OA (7.5 ml) and one with seronegative inflammatory arthritis (15 ml), were digested overnight with hyaluronidase. The samples were diluted to 100 ml in buffer containing 6 M urea, 0.15 M NaCl, 50 mM sodium acetate, pH 6.0, and applied to 2 ml Q-Sepharose columns in which the outflow tubing was looped back into the column sample reservoir. The columns were pumped at 0.3 ml/min overnight allowing the fluid samples to cycle through the column three times. Unbound material was not analyzed further because AF-28 fragments were assumed to contain keratan sulfate chains at Thr 352 and Thr 357 in the IGD (41) and would therefore bind to the column. Material that bound to the column was eluted firstly with buffer containing 6 M urea, 0.5 M NaCl, 50 mM sodium acetate, pH 6.0, and subsequently with buffer containing 4 M GuHCl, 0.5 M NaCl, 50 mM sodium acetate, pH 6.0, with monitoring at 278 nm. Fractions containing proteins that eluted with 6 M urea/0.5 M NaCl or 4 M GuHCl/0.5 M NaCl were pooled and applied to HiTrap desalting columns equilibrated with 50 mM ammonium hydrogen carbonate. The excluded volume fractions were pooled, freeze-dried and reconstituted in 300 l water, and digested with 0.01 U/ml chondroitinase ABC and 0.01 U/ml keratanase overnight at 37 Њ C before analysis by SDS-PAGE.
Analysis of partially purified aggrecan fragments by SDS-PAGE and immunoblotting.
Deglycosylated aggrecan fragments partially purified by Q-Sepharose chromatography were electrophoresed on 5% SDS-polyacrylamide gels (42) and transferred to immobilon for Western blot analysis. Samples for immunodetection with AF-28, the antikeratan sulfate antibody 5-D-4 (43, 44) and anti-G1 domain (45) were electophoresed unreduced. Samples for immunodetection with the neoepitope anti-ITEGE antiserum RAM 3-2 (46) and the preimmune serum RAM 3-0 were reduced by heating with 5% mercaptoethanol for 30 min at 60 Њ C.
Results
Synovial fluids from patients with a range of different arthritides (Table I) were assayed for the presence of the AF-28 epitope ( Fig. 1 A ) which reveals MMP-released aggrecan fragments, and sulfated glycosaminoglycan (Fig. 1 B ) which detects total released aggrecan fragments. 68 individually dated samples were assayed and 37 of these contained detectable levels of AF-28 epitope (Fig. 1 A ) . Fluids taken from patients with OA, RA, juvenile psoriatic arthritis (JCA), crystal-type arthritis, Reiter's disease, and seronegative inflammatory arthritis contained detectable levels of AF-28 epitope, indicating that MMP cleavage at . . .DIPEN 341 ↓ FFGVG. . . occurs in all the major arthritides. The concentrations of sulfated glycosaminoglycan detected in the fluids (Fig. 1 B ) were in a similar range to those reported previously (8, 13) .
The relationship between the concentration of AF-28 epitope and sulfated glycosaminoglycan in synovial fluid of patients with OA, RA, JCA, and inflammatory arthritis was analyzed using the Spearman's rank correlation coefficient (Fig.  2) . A statistically significant correlation between AF-28 epitope and total glycosamioglycan was found in OA patients ( R S ϭ 0.7425; P ϭ 0.0349). There was no correlation in patients with RA, JCA, and inflammatory arthritis suggesting that the ratio of AF-28 epitope/glycosaminoglycan is not constant or similar in the inflammatory diseases and that treatment regimes or stage of disease may influence the concentration of aggrecan components in synovial fluids. In the future it will be useful to correlate the changing patterns in AF-28 and glycosaminoglycan levels with other parameters of the inflammatory process.
Presumably, many of the aggrecan fragments in synovial fluids that do not contain AF-28 epitope will contain the ARGSV. . . NH 2 -terminal sequence generated by aggrecanase cleavage. These fragments are relatively large and composed of a segment of the IGD attached to the G2 domain, the KS domain, and variable lengths of the chondroitin sulfate domain. Because of their large size and high buoyant density, these aggrecanase fragments have been recovered at the bottom of cesium chloride density gradients (15, 16) . It was of interest to analyse the distribution of AF-28 fragments in cesium chloride density gradients because we have shown previously (26) that some AF-28 epitope in synovial fluids is present on fragments that are of a comparatively smaller size.
Synovial fluids from patients with seronegative inflammatory arthritis (three samples), Crohn's disease, OA, RA, psoriatic arthritis, and JCA (two samples) were fractionated into five equal fractions on cesium chloride density gradients and analyzed for AF-28 epitope (data not shown). For each patient fluid, AF-28 epitope was recovered at the top of the density gradient in the D5 fractions. No AF-28 epitope was measured in the D1, D2, D3, or D4 fractions demonstrating that fragments with FFGVG. . . NH 2 termini were of low buoyant density, and further demonstrating that these fragments lacked chondroitin sulfate chains and contained only a small portion, or none, of the keratan sulfate-rich region (47) . The results therefore suggest that COOH-terminal processing of all MMP-derived fragments occurs in vivo and few, if any, chondroitin sulfate-containing MMP fragments remain in the synovial fluid. Alternatively, there may be a population of truncated aggrecan molecules accumulated in the tissue which have already lost their chondroitin sulfate chains due to proteolytic processing of the core protein, and these truncated molecules may be preferred substrates for the MMPs. Given that none of the nine fluids contained epitope in the D1-D4 fractions, a 95% confidence interval for the proportion in the population that might contain AF-28 epitope in the D1-D4 fractions does not rule out values between 0-28%, while a 75% confidence interval would allow for 0-14% (48) . To eliminate the possibility that monoclonal AF-28 was binding nonspecifically to another component in the proteinrich D5 fraction of the gradients, dilutions of D5 fractions were assayed by competition ELISA (Fig. 3) . AF-28 antibody binding specifically to dilutions of FFGVG. . . neoepitope would be expected to generate a competition curve with a slope parallel with the standard antigen. In contrast, nonspecific binding due to a weak and variable affinity of the antibody for other molecules would be expected to generate a nonparallel competition curve, or no curve at all. The inhibition curves generated from dilutions of synovial fluids were parallel with the standard antigen (Fig. 3) . Thus, AF-28 epitope detected in the D5 fractions was specifically detecting aggrecan fragments with NH 2 -terminal FFGVG. . . sequences.
We have shown previously that a small 30-50-kD AF-28-positive band can be found in unfractionated synovial fluids from some patients with arthritis, and based on its molecular size relative to characterized products of an MMP-8 digest (26) we postulated that this fragment was the product of cleavage at both the MMP site and the aggrecanase site. To test this hypothesis we have now used immunodetection with an anti-ITEGE antiserum, RAM 3-2 (46) to identify the COOH terminus of the 30-50 kD fragment. Aggrecan fragments in sy- novial fluids from two arthritis patients were partially purified by Q-Sepharose chromatography (Fig. 4 A ) , deglycosylated and analyzed by immunoblotting with AF-28 (Fig. 4 B ) , RAM 3-2 antiserum specific for the COOH terminal . . .ITEGE 374 neoepitope resulting from aggrecanase action (Fig. 4 E ) , 5-D-4 (Fig. 4 G ) and anti-G1 domain antiserum (Fig. 4 F ) . Material which was bound to the column and eluted with 6 M urea/0.5 M NaCl did not contain any aggrecan epitopes (results not shown). The material which was bound to the column and eluted with 4 M GuHCl included two AF-28 positive bands of 30-50-and 120-150-kD and two RAM 3-2 bands of 68-80-kD and ‫ف‬ 150 kD. There was no RAM 3-2 band with 30-50 kD. Because the 30-50-kD AF-28 fragment did not appear to contain an . . .ITEGE 373 COOH terminus, this is a strong indication that it was not the product of aggrecanase action. The 120-150-kD band detected with AF-28 may represent an MMP fragment with an intact G2 domain (Fig. 5) . The data suggest that in these patients the processing that occurred COOH-terminal to the MMP site was the result of proteolysis by an enzyme(s) other than aggrecanase (Fig. 5) . Some weak nonspecific staining at about 120 kD was detected with an anti-mouse horseradish peroxidase conjugated immunoglobulin in one of the patient samples (Fig. 4 C ) .
The RAM 3-2 immunoblots revealed two major bands with 68-90-kD and ‫ف‬ 150 kD. The 68-90-kD aggrecanase band was identified as G1 domain by immunodetection with anti-human G1 antiserum (Fig. 4 F ) . The size and COOH-terminal sequence of this G1 fragment indicated that it had not been cleaved at the MMP site and therefore retained an intact . . .DIP-ENFFGVG. . . sequence (Fig. 5) . The detection of a 150-kD RAM 3-2 band was unexpected. Immunodetection of both the 68-90-and 150-kD RAM 3-2 bands was blocked by pre-incubation of the antibody with a 32-mer peptide with . . .ITEGE COOH terminus, confirming the specificity of the antibody (results not shown). It is possible that RAM 3-2 may also detect . . .ELE 1545 and/or EEE 1714 neoepitopes in the chondroitin sulfate domain (49) , as these fragments would be approximately 150 kD after deglycosylation. Immunodetection with the preimmune serum RAM 3-0 did not show any nonspecific staining (results not shown). A spectrum of fragments containing G1 epitopes (Fig. 4 F ) and 5-D-4 epitope on keratan sulfate chains (Fig. 4 G ) were also detected.
Discussion
We recently showed by Western analysis that synovial fluids from four patients with arthritis contained material that was immunoreactive with a monoclonal antibody that detects MMP-derived aggrecan fragments. This finding encouraged us to further investigate the direct involvement of MMPs in aggrecan proteolysis since this had been postulated for human joint pathology, but not confirmed. The present paper shows that in about 50% (37 of 68) of arthritis patients, aggrecan is cleaved by MMPs and the MMP degradation products are released from the articular cartilage into the synovial space. The size (30-50 kD; 120-150 kD) and low buoyant density of the AF-28 fragments suggest that they are relatively short fragments that terminate within the IGD near the aggrecanase site, or within the keratan sulfate-rich region, as no high density fragments bearing chondroitin sulfate chains were detected in the gradient D1 fractions.
Several studies have demonstrated release of aggrecanase fragments in vivo (15, 16) and in vitro (32-34, 50) but there have been no reports of MMP-released fragments in human disease or animal models. The . . .VDIPEN neoepitope on G1 fragments retained in the tissue following MMP cleavage has been immunolocalized in sections of human joint tissue (51) and in mice with collagen II-induced arthritis (27) , however the corresponding FFGVG. . . neoepitope that is released into the joint space has not been reported. One reason why these MMP-released fragments have not been found in synovial fluids previously is that earlier studies isolated high-buoyant density aggrecan fragments from the bottom of cesium chloride density gradients. The results of the present study however show that all MMP-derived products with FFGVG. . . NH 2 termini are recovered at the top of density gradients.
An estimate of the proportion of aggrecan molecules containing an FFGVG. . . NH 2 terminus can be made be calculating picomoles of aggrecan present in each synovial fluid from the concentration of sulfated glycosaminoglycan, assuming for the purposes of the calculation that (a) sulfated glycosaminoglycan represents 90% of the mass of human aggrecan, and (b) that the relative molecular mass of human aggrecan is 1,000,000 D. The percentage of aggrecan molecules containing AF-28 epitope can then be estimated from pmol AF-28 epitope/pmol aggrecan. More than half of the patient fluids assayed contained detectable levels of epitope, and of these the proportion of aggrecan molecules that contained AF-28 epitope ranged from 20 to 100%. In general AF-28 epitope was present on less than half the aggrecan population present in the fluids, but a small proportion (32%) had more than 50% aggrecan with AF-28 epitope, and a minority (12%) had equimolar amounts of aggrecan fragments and AF-28 epitope. These extremes highlight the diversity and complexity of aggrecan catabolism and suggest that in some cases MMPs may be wholly responsible for aggrecan cleavage in the IGD, while under other conditions MMPs may not be involved at all. The limitation of this calculation is the assumption of molecular size. Most aggrecan molecules are truncated at their COOHterminal end and the extent of truncation may be quite significant. Although these percentages represent estimated values on a small number of samples, they emphasize the point that MMP cleavage of aggrecan is not trivial.
In the absence of quantitative assays for measuring the concentration of all the relevant neoepitopes present in synovial fluids it is impossible to reconcile the relative extent of cleavage occurring at each of the important catabolic sites. It is clear however that the involvement of MMPs in aggrecan catabolism is significant, and may even be greater than suggested by the present results. One important piece of information that is lacking for both FFGVG. . . fragments and ARGSV. . . fragments is their rate of clearance from synovial joints. If FFGVG. . . fragments are cleared faster than ARGSV. . . fragments, perhaps because they are smaller or do not carry chondroitin sulfate chains, then the calculation of AF-28 epitope per total chondroitin sulfate may give a minimum incidence of MMP activity. In addition the measurement of AF-28 epitope is limited by the sensitivity of the competition assay, which is comparatively less sensitive than a sandwich ELISA. One third of patient fluids assayed did not contain detectable levels of AF-28 epitope but it is entirely possible that epitope could be detected in these patients with a more sensitive sandwich assay.
The immunodetection studies (Fig. 4) refute an earlier hypothesis that a 30-50-kD fragment with an FFGVG. . . NH 2 terminus was the product of MMP and aggrecanase cleavage in the IGD and contained a COOH-terminal . . .ITEGE sequence. The small size of this fragment however indicates that the COOH-terminal cleavage site is in close proximity to the aggrecanase site. We have shown that MMP-3 (52) and MMP-13 (31) cleave within 4 and 11 residues of the aggrecanase site, respectively. Plasmin, urokinase (53) , and elastase (54) are also known to cleave the IGD in this proteinase-sensitive region. Given that at least seven different G1 fragments resulting from multiple cleavage points and/or multiple proteinases, can be detected in extracts of human articular cartilage (55), it would not be surprising to find that multiple cleavage sites in the IGD are also utilized during aggrecan turnover.
The immunodetection studies question the supposition that aggrecanase activity is always present. Rather, the results suggest that in some cases, aggrecan molecules cleaved by MMPs at . . .DIPEN ↓ FFGVG. . . are not cleaved further by aggrecanase, but are subject to proteolysis by other proteinases or MMPs. This is an interesting and important observation that has not been made before. Relative to the MMPs, aggrecanase was active on a different population of aggrecan molecules since G1 fragments with . . .ITEGE COOH termini were detected in the same fluid sample. Thus aggrecanase and MMPs could be present at different microanatomical sites within cartilage. This is consistent with immunolocalization studies showing that . . .DIPEN and . . .ITEGE neoepitopes were often noncoincident within a single metatarsal joint of CIA mice (56) . In contrast the codistribution of . . .DIPEN and . . .ITEGE epitope in other situations (57) argues that MMPs and aggrecanase are colocalized but that aggrecanase fragments resist MMP cleavage. Our results now extend these observations and suggest that MMP fragments may also resist aggrecanase cleavage. It is possible that truncated aggrecan molecules that have been extensively processed from their COOH-terminal ends and which have accumulated in the tissue over time may represent preferred substrates for MMPs, while longer aggrecan molecules are preferentially cleaved by aggrecanase. This model would explain the small size of the AF-28 fragments found in human synovial fluid.
There is another possible scenario that may account for the small size of the FFGVG. . . fragments: following MMP cleavage and release of FFGVG. . .-containing fragments from the tissue, MMPs or other proteinases secreted by cells in the synovium degrade the fragments further. However, in the synovial fluid from patients with all arthritides except septic arthritis (58, 59) there is an excess of TIMP and ␣ 2 -macroglobulin, and all endogenous active MMPs would be expected to be totally inactivated. At present we cannot distinguish between proteolysis in cartilage and proteolysis in synovial fluid but we do not believe MMP action is significant in the synovial fluid. In addition if there was extensive proteolysis occurring in synovial fluid, it is difficult to imagine why MMP-released fragments would be cleaved into smaller products of low buoyant density, while aggrecanase-released fragments resist cleavage and remain large and of high buoyant density. We also cannot exclude two possible reasons why RAM 3-2 did not detect the 30-50-kD AF-28 fragment. Firstly that the 30-50-kD fragment is cleaved by aggrecanase but that a carboxy peptidase in synovial fluid removes the COOH-terminal neoepitope, or secondly that the . . .ITEGE COOH terminus of the polypeptide is bound to the membrane and not available for antibody binding.
The RAM 3-2 antibody used in this study has been characterized and shown to specifically detect the . . .ITEGE neoepitope (46) . In the present study the Western blot results suggest that RAM 3-2 also detects an epitope present on fragments larger than the G1 domain, with a molecular weight of ‫ف‬ 150,000. The most likely interpretation of this finding is that the . . .ELE 1545 and/or EEE 1714 neoepitopes in the chondroitin sulfate domain (49) are also detected by the antiserum, because immunoreactivity was blocked by preincubation of RAM 3-2 with an . . .ITEGE 32-mer synthetic peptide. The high charge and spatial arrangement of the glutamate residues (. . .ExE) are likely to be major antigenic determinants for the epitope. It is important therefore to be aware of the potential cross-reactivity of Ram 3-2 and other polyclonal anti-ITEGE antisera when observing immunostaining for aggrecanase neoepitopes.
The biochemical relationship between MMP and aggrecanase activities remains obscure, as does the biological advantage that might be achieved by locating two catalytic sites in such close proximity. There are no clues as to why this should be so, and no clues as to the identity of the putative aggrecanase. One member of the MMP family, MMP-8, has been shown to have aggrecanase activity in vitro (52). MMP-8 mRNA is expressed in human fetal chondrocytes (Fosang, A.J., J. Dudhia, and M. Vitellone, unpublished results), normal, and OA cartilage (60) and is upregulated by IL-1 (61, 62). However because its mode of action in vitro is strikingly different to aggrecanase action in cell and explant culture it is unclear whether this MMP could be responsible for aggrecanase activity in vivo. The action of MMP-8 on an aggrecan G1-G2 substrate in vitro is to cleave primarily at the MMP site, and only subsequently at the aggrecanase site (52). In contrast, turnover of aggrecan by cultured rat chondrosarcoma cells and primary bovine chondrocytes is mediated almost exclusively by aggrecanase (63) . A model which proposes that in vivo MMP-8 or an MMP-8-like enzyme is responsible for aggrecanase action, must also explain how the specificity of the enzyme for sites on the substrate can switch, and under what conditions. The challenge for the future is to ascertain the relative abundance of the different catabolic neoepitopes of aggrecan and to determine the relative importance of MMP cleavage and aggrecanase cleavage in normal cartilage and in arthritis.
